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ABSTRACT 



Context. The combination of X-ray and near-IR surveys of the central 2° x 0.8° of the Galactic Centre have revealed a 
population of X-ray bright massive stars. However, the nature of the X-ray emission, originating in wind collision zones 
or via accretion onto compact objects, is uncertain. 

Aims. In order to address this we investigated the nature of one of the most luminous X-ray sources - CXOGC J174536.1- 
285638. 

Methods. This was accomplished by an analysis of the near-IR spectrum with a non-LTE model atmosphere code to 
determine the physical parameters of the primary. 

Results. This was found to be an highly luminous WN9h star, which is remarkably similar to the most massive stars 
found in the Arches cluster, for which comparison to evolutionary tracks suggest an age of 2-2.5 Myr and an initial 
mass of ~110Mq. The X-ray properties of CXOGC J174536. 1-285638 also resemble those of 3 of the 4 X-ray detected 
WN9h stars within the Arches and in turn other very massive WNLh colliding wind binaries, of which WR25 forms 
an almost identical 'twin'. Simple analytical arguments demonstrate consistency between the X-ray emission and a 
putative WN9h-|-mid O V-III binary, causing us to favour such a scenario over an accreting binary. However, we may 
not exclude a high mass X-ray binary interpretation, which, if correct, would provide a unique insight into the (post-SN) 
evolution of extremely massive stars. Irrespective of the nature of the secondary, CXOGC J174536. 1-285638 adds to the 
growing list of known and candidate WNLh binaries. Of the subset of WNLh stars subject to a radial velocity survey, 
we find a lower limit to the binary fraction of ~45%; of interest for studies of massive stellar formation, given that they 
currently possess the highest dynamically determined masses of any type of star. 

Key words. stars:early type 



1. Introduction 

Near-IR observations of the Galactic centre have demon- 
strated that it hosts a large population of high mass stars, 
predominantly located within three young (2-6 Myr), mas- 
sive (> IO^Mq) clusters in the central ~50pc - the Arches, 
Quintuplet and Central cluster (e.g. Krabbe et al. 1995, 
Nagata et al. [IM51 Cotera et al. [TM51 Figer et al. il995j) . 
Recently, the combination of radio, X-ray and near-mid IR 
data has revealed an additional population of apparently 
isolated (candidate) massive stars throughout this region 
(e.g. Mauerhan et al. I2007p . A full understanding of the 
processes governing star formation in the extreme environ- 
ment of the Galactic centre therefore requires an explana- 
tion for their properties and origin - are they remnants of 
clusters disrupted by tidal forces or interaction with molec- 
ular clouds, the result of dynamical or SNe kick ejection 
from natal clusters or did they form in situ in a non clus- 
tered environment? 

Identification of such stars has been facilitated by the 
production of deep X-ray catalogues of the Galactic Centre 
(GC; Muno et al. [2006a. 2009T) , revealing over 9000 dis- 
crete point sources in the central 2° x 0.8°. Of these the 
majority are expected to be low mass systems, most likely 



Cataclysmic Variables, but a subset of the brighter, variable 
sources are expected to be either Colliding Wind Binaries 
(CWBs) or High Mass X-ray Binaries (HMXBs). Cross 
correlation of these catalogues with near-IR imaging and 
subsequent spectroscopy has revealed a number of these 
sources to be identified with candidate high stellar mass 
counterparts (Muno et al. I2006b[ Mauerhan et al. [^DU7|) 
Critically, the star formation rate inferred for the GC sug- 
gest a statistically significant number of HMXBs (Muno 
et al. I2006al and refs. therein) should be present and de- 
tectable, allowing the physical assumptions of population 
synthesis modeling (such as the SNe kick velocity) to be 
tested. Therefore, accurate classification of these systems 
is invaluable in order to confirm their nature and the origin 
of the X-ray emission. 



Mikles et al. (p006l [20081 henceforth M06, M08) re- 
port the discovery of an emission line star associated with 
the bright X-ray source CXOGC J174536. 1-285638 (abbre- 
viated to CXO J1745-28). The X-ray spectrum is dom- 
inated by strong FeXXV emission, with the luminosity 
{Lx ^ 1.1 X lO'^^ergs"^) and hard nature of the emission 
{kT - 0.7tE5 i+4.6i[5::^keV; M06) both arguing for a binary 
interpretation. However, the nature of the system (CWB 
or HMXB) remains obscure, even after the discovery of a 
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Fig. 1. Reddened model spectral energy distribution (SED) 
of CXO J1745-28 (solid line, Eb-v=Q-Q) and intrinsic SED 
(dotted line) overlaid upon IR photometry from UKIDSS 



189±6 d periodicity in the X-ray flux (M08). This is largely 
due to the uncertainty regarding the properties of the pri- 
mary and hence in this study we present a detailed analysis 
of the near-IR spectroscopy presented by M06 in order to 
provide accurate stellar parameters for the system primary 
and hence address the nature of the system. In Sect. 2 we 
present the results of this non-LTE analysis, discuss the na- 
ture of the system in Sect. 3 and summarise our results in 
Sect. 4. 



2. Observations and analysis 

We have carried out a non-LTE spectroscopic analysis of 
the near-IR spectroscopy of CXO J 1745-28 obtained by 
M06 using IRTF /SpeX (Rayner et al. 1^003,) and CMFGEN 
(HiUicr & Miller [nSi). 



2.1. IRTF/SpeX spectroscopy 

Short-wavelength, cross-dispersed spectroscopy of CXO 
J1745-28 was obtained by M06 on 1 Jul 2005 using 
IRTF/SpeX, covering the JHK bands at a spectral resolu- 
tion of R ^^1200. M06 describe the data reduction process 
and spectral features which we shall not repeat here, ex- 
cept that the broad emission feature at 1.77/im attributed 
to Hell (19-8) 1.772/im is in error. Hen is expected to make 
a minor contribution to this feature, on the basis of negli- 
gible emission from Hell (23-8) 1.658/im (21-8 is blended 
with He I l.lOOfim). The primary component is not known. 

Crowther et al. (|2006p discuss near-IR spectral classi- 
fication of Wolf-Rayet stars from which we assign a WN9 
subtype on the basis of Heii/Br7 = 0.06±0.01. We may 
refine this subtype in view of its close morphological match 
to near-IR spectroscopy of H DE 313846 (WR108) from 
Bohannan & Crowther (dMH- HDE 313846 is a WN9ha 
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Fig. 2. K-band spectroscopy of CXO J1745-28 from M06 
together with morphologically similar WN9h stars from 
the Arches cluster (F2, F6 and F7) plus the weaker lined 
WN9h star F9 which is X-ray bright, as are F6 and F7. The 
VLT/SINFONI Arches spectroscopy is from Martins et al. 
[20081) . 



star, for which the 'h' indicates the presence of significant 
hydrogen from the Pickering-Balmer decrement at visual 
wavelengths and the 'a' represents intrinsic absorption lines 
in high Balmer lines. Analogous 'h' diagnostics are avail- 
able in the near-IR, such as the hydrogen Bracket! series 
and corresponding Heii (n-8) transitions in CXO J1745-28. 
We therefore refine the subtype of CXO J1745-28 to WN9h. 
The morphological similarity between CXO J1745-28 and 
HDE 313846 suggests both are WN9ha subtypes, although 
no unambiguous diagnostic is available from low resolution 
near-IR spectroscopy. Other examples of WN9ha stars are 
known, such as HD 152408 (Bohannan & Crowther Il999p 
which had earlier been classified as an Ofpe star by Walborn 
(|1982p . reflecting their proximity to the Wolf-Rayet and 
Of boundaries. Recently, many other examples of WN7-9h 
stars have been identified in the Arches cluster from near- 
IR spectroscopy (Martins et al. l^nU5|) . Of these, F2 and F7 
possess essentially identical K-band spectral morphologies 
to CXO J1745-28, while F6 only differs in its stronger Civ 
2.070, 2.079/im features, as shown in Fig. O We also in- 
clude one other WN9h star F9 for comparison since this 
is a strong X-ray source (as are F6 and F7), although its 
emission line spectrum is somewhat weaker. 

We have used photometry of CXO J1745-28 from the 
fourth data release (DR4) of UKIDSS together with in- 
trinsic JHK colours predicted by our spectroscopic analysis 
(presented in Sect. 12. 3p . from which K-hand extinctions, 
Ak, may be obtained using the extinction relations from 
Indebetouw et al. (|2005) . The UKIDSS project is defined 
in Lawrence et al (pnUT]) . UKIDSS use s the UKIRT Wide 
Field Camera (WFCAM; Casali et al, [2007|) Th e photo- 
metric system is described in Hewett et al (|2006p . and the 
calibration is described in Hodgkin et al. (|2009'). 

We favour UKIDSS photometry to 2MASS, owing to 
a late-type source which is blended with CXO J1745-28 in 
2MASS datasets (see M08). Our derived extinction of Ak = 
3.32 mag for CXO J1745-28 corresponds to £'b_v=9.6 or 
Ay=30 mag, assuming a standard Galactic extinction law. 
For an assumed distance of 8 kpc to the Galactic Centre 
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Table 1. UKIDSS near-IR photometry, extinction and absolute magnitude determinations for an assumed distance of 8 
kpc to CXO J 1745-28 (ReidllSMD- 

Star K J-K H-K (J-K)o (H-K)o A^r'' A^-"^ Ak DM Mk 

CXO J1745-28 10.40 5.07 1.78 -0.04 0.01 3.42 3.22 3.32 14.52 -7.51 
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Fig. 3. H and K band IRTF/SpeX observations of CXO 
J1745-28 from M06 (black) with our Br7-derived (red, 
Xii=25%) and BrJ-derived (green, Xh=50%) synthetic 
spectra overplotted. 



f Reid [TM5|) . we obtain an absolute /C-band magnitude of 
-7.51 for CXO J1745-28. In Fig. [T] we present the spectral 
energy distribution (SED) of our J1745-28 model, reddened 
according to the IR extinction law presented in Morris et al. 
(PPDO)) . together with UKIDSS photometry Spitzer IRAC 
photometry is not available, although the theoretical model 
suggests [3.6]=8.28, [4.5]=7.66, [5.8]=7.24 and [8] = 7.11 for 
J1745-28. Our derived extinction agrees well with M06 who 
estimated Ay— 29 mag by simply adopting {H — A')o=0.0 
mag. 

For comparison, WN9h stars within the Arches clus- 
ter possess HST/NICMOS F205W magnitudes in the range 
10.45 (Fl) to 11.2 (F2) based upon photometry from Figer 
et al. pons)) . These correspond to absolute F205W magni- 
tudes of -6.4 to -7.2 mag for a uniform K-band extinction 



of =3.1 mag (Kim et al. l2006p and (identical) distance 
of 8 kpc. As such, one would expect that CXO J1745-28 to 
be amongst the most luminous of the WN9h stars in the 
Galactic Centre region. 

2.2. Atmospheric code 

The non-LTE atmosphere code CMFGEN solves the radia- 
tive transfer equation in the co-moving frame, under the 
additional constraints of statistical and radiative equilib- 
rium. 

Since CMFGEN does not solve the momentum equa- 
tion, a density or velocity structure is required. For the su- 
personic part, the velocity is parameterized with a classic 
/9-type law. This is connected to a hydrostatic density struc- 
ture at depth, such that the velocity and velocity gradient 
match at the interface. The subsonic velocity structure is 
defined by a corresponding logy = 3.25 fully line-blanketed 
plane-parallel TLUSTY model (Lanz & Hubeny 20113). 

CMFGEN incorporates line blanketing through a super- 
level approximation, in which atomic levels of similar ener- 
gies are grouped into a single super-level which is used to 
compute the atmospheric structure. Our atomic model is 
similar to that adopted by Crowther et al. (|2002p . including 
ions from Hi, Hei-ii, Ciii-iv, Niii-V, O III- VI, Si IV, Piv- 
V, Siv-vi and Feiv-vii. By number, the main contributors 
to line blanketing are Fe iv-v. In addition, extended model 
atoms of C ill, N ill and O ill were included since each con- 
tribute to the 2.112/im emission feature. 

We have assumed a depth-independent Doppler pro- 
file for all lines when solving for the atmospheric struc- 
ture in the co-moving frame, while in the final calculation 
of the emergent spectrum in the observer's frame, we have 
adopted a uniform turbulence of 50 kms^^. Incoherent elec- 
tron scattering and Stark broadening for hydrogen and he- 
lium lines are adopted. 

With regard to wind clumping, this is incorporated us- 
ing a radial dependent volume filling factor, /, as described 
in Hillier et al. (|2003p . with a typical value of /=0.1 re- 
sulting in a reduction in mass-loss rate by a factor of 

y(T77)-3. 

2.3. Analysis 

We derive the stellar temperature CXO J 1745-28 using di- 
agnostic Hel 2.058^m, 1.700^m, Hen 2.189^m, 1.692^m 
together with Br7 for the mass-loss rate, hydrogen content 
and velocity structure. The P Cygni Hen 2.189/xm profile 
naturally arises in the stellar wind of the star and does 
not require the presence of an additional source of ionisa- 
tion within the system, such as a compact companion (e.g. 
M06). Stellar temperatures, T,, correspond to a Rosseland 
optical depth of 20, which are typically (up to) a few thou- 
sand degrees higher than effective temperatures, T2/3, re- 
lating to optical depths of 2/3 in such stars. 
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Table 2. Derived physical and wind parameters for CXO J1745-28 (WN9h) for CWB and HMXB scenarios 
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We have estimated a terminal wind velocity of 1350 
kms~^ from He I 2.058/.tm from which a (slow) velocity law 
of exponent [3—1.5 is used for the supersonic velocity struc- 
ture. (3 — 0.8 was adopted by Martins et al. (2008), for 
which similar synthetic spectra are predicted, except for 
somewhat weaker emission and absorption lines. A mea- 
sure of the nitrogen mass fraction is obtained from the 
weak Niii 2.247, 2.251/im doublet since the stronger fea- 
ture at 2.112/im is blended with Hei, Cm and Oiii, while 
Civ 2.070, 2.079/im allows an estimate of the carbon con- 
tent. We adopt solar values for all other metals (e.g. Cox 
120001 with the exception of oxygen for which the value 
given by Asplund et al. '20041 was used). Spectroscopic fits 
to IRTF/SpeX observations are presented in Fig.[3l 

Overall the agreement between predicted line profiles 
and observations is satisfactory, although Hei 2.058^m and 
1.700/im P Cygni absorption are too strong in the syn- 
thetic spectrum {(3 — 0.8 does provide an improved match 
to 2.058^m) and it is apparent that the high members of 
the hydrogen Brackett series are predicted to be too weak 
in emission for the adopted Xh=25% by mass (He/H=0.7 
by number). This model is referred to as the Br7 model in 
Table [2l although it should be emphasised that He i lines 
within the 7-4 set of transitions contribute ^30% of the 
equivalent width for this feature. 

In order to better reproduce the strength of the higher 
Brackett series, a significantly higher hydrogen content of 
Xh=50% by mass (He/H=0.25 by number) is required, 
which is also presented in Fig. [3] Model parameters for this, 
our Br(5 model, are also presented in Table [2l Consequently, 
one should caution against the use of a solitary diagnostic 
in view of the significant difference resulting from other 
diagnostics even for cases as simple as a single hydrogen 
series. 

In both cases, we estimate a nitrogen mass fraction of 
1.2% for CXO J1745-28 from the Niii 2.247, 2.25lAtm fea- 
tures which should be reliable to ±50%. Carbon is poorly 
constrained, although Xc=0.03% by mass reproduces the 
weak Civ 2.070, 2.079/im features satisfactorily. 

In view of the uncertain nature of the companion to the 
WN9h star (Sect. 3), we have estimated its stellar proper- 
ties under two assumptions; either the near-IR spectrum of 
the Wolf-Rayet star is (weakly) diluted by the continuum 
of a massive companion in the case of a CWB system or it 
suffers negligible contribution from the compact companion 
in the case of a HMXB. Here, we adopt a mass ratio q — 0.4, 
which is consistent with q >0.2 favoured by M08 for a sole 
dominant IR source. For a current WN9h mass of 80 M© 
(see below), we shall use 30 Mq for the companion mass, 
namely an 06 dwarf, 07 giant or 09 supergiant from the 
Martins et al. (2005) O star calibration. On the basis of the 
companion wind properties, discussed in Sect. [3l we shall 
adopt 07 III for the putative companion, for which A/k = 



-4.76 (Martins & Plez 12006]) . For a systemic absolute mag- 
nitude of Mk = -7.51 mag we obtain Mk = -7.42, i.e. the 
light ratio of the O to WR star is 0.09 in the K-band (0.10 
in the J and H bands). Derived stellar parameters for the 
WN9h star in these scenarios are presented in Table [2l 

2.4. Comparison with Arclies cluster members 

The position of CXO J 1745-28 on the H-R diagram is pre- 
sented in Fig. m together with O supergiant and WN7- 
9h members of the Arches cluster from Martins et al. 
P008p and solar metallicity, rotating (300 kms~^) theo- 
retical models from Meynet & Maeder (|2000p . Note that 
the stellar luminosities of the Arches members have been 
downward corrected by 0.1 dex due to an error in the orig- 
inal study (Martins, priv. comm.), but re-adjusted upward 
by 0.05 dex for consistency with our adopted distanceQ 
Arches WN9h members F2, F6 and F7 are of particular 
interest in view of their spectroscopic similarities to CXO 
J1745-28 (recall Fig. E]), for which Martins et al. (2008]) 
obtained stellar temperatures of 34kK (versus 32kK here 
for CXO J1745-28). However, if-band bolometric correc- 
tions, BCa', for the Arches members remain significantly 
larger (BCf205W ^ —4 mag) than our estimate for J1745- 
28 (BCk ^ —3.5 mag), even after the 0.1 dex correction 
in stellar luminosity. If we turn to abundance estimates, 
Br7-derived surface hydrogen contents in the range 40% 
< Xh < 55% are obtained for F2, F6 and F7, versus 25% 
for CXO J 1745-28, while the nitrogen mass fraction ob- 
tained for CXO J 1745-28 is also at the lower end of the 
range observed for the Arches members; 1.2% versus 1.1- 
2.8% respectively. 

We infer an initial (current) mass of ^ 110 (80) Mq 
and a current age of 2-2.5 Myr for CXO J1745-28, such 
that it is likely a very massive star that is slowly evolving 
away from the hydrogen burning main sequence. As such, 
J1745-28 is not a classical helium-burning Wolf-Rayet star. 

Predicted surface hydrogen mass fractions at this early 
stage are Xh=40% for models initially rotating at 300 
kms~^, with lower depletions of ArH=65~70% for equiva- 
lent non-rotating models. In Fig. [5] we compare the Br7- 
derived surface hydrogen content for CXO J 1745-28 with 
Arches cluster members from Martins et al. p00 81 and the 
predicted surface hydrogen from Meynet & Maeder ( 2000]) 
models. Recall that the hydrogen content for CXO J1745- 
28 depends upon the diagnostic hydrogen line used, either 
Xh=25% from Br7 (the same diagnostic as used by Martins 
et al. 12008]) or Xh=50% for higher Brackett hues. 



^ Martins et al. (|2008|l adopted a distance of 7.6 kpc to the 
Arches cluster, a K-band extinction of 2.8 mag and F205W pho- 
tometry from Figer et al. (|2002[> . 
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3. The nature of CXO J1745-28 - CWB or HMXB? 

Our classification of the primary in CXO J 1745-28 as a 
WN9h star permits a more accurate comparison to the 
properties of both single stars and known HMXBs and 
CWBs. The ratio of X-ray to bolometric luminosity of 
CXO J1745-28 - log(L;j;/Lboi)~-4.8 - is significantly in ex- 
cess of that observed for both single O and WR stars - 
log(L2./Lboi)~-7 - where the emission is thought to arise 
in shocks embedded in the stellar wind. Recent work has 
shown that a number of O stars have measureable magnetic 
fields (Don ati et al. [20021 [20061 Hubrig et al. [20081 Bouret 
et al. I2008P , thus raising the possibility that the magneti- 
cally confined wind shock model of Babel & Montmerle et 
al. p997a[ I1997bp might be applicable and lead to the pro- 
duction of significant X-ray emission. In Table 3 we sum- 
marise the X-ray properties of these stars as well as the 
Of?p star HD 108 (motivated by the fact that the other 
three examples of Of?p stars all have detectable magnetic 
fields). 

While these stars appear to show excess X-ray emis- 
sion with respect to field O and WR stars (Table 3; Naze 
et al. [2007 ). the ratio of X-ray to bolometric luminosity 
is over an order of magnitude lower than CXO J1745-28, 
with the WN9ha star HD 152408 (= WR 79a) being sig- 
nificantly fainter still. Moreover, while the X-ray spectra 
of the magnetically active stars are also consistent with a 
multitemperature model, both cool and hot components are 
systematically cooler than found for CXO J 1745-28 (Rauw 
et al. mm Gagne et al. [MI51 Naze et al. ?MM [WTl 
I2008cp . Finally, these stars demonstrate spectral variabil- 
ity attributed to an asymmetric circumstellar environment 
caused by the entrainment of the stellar wind by the mag- 
netic field (e.g. Naze et al. l2008b|) . However, spectroscopy of 
CXO J1745-28 indicates there is no evidence for a departure 
from spherical symmetry, while no variability has currently 
been observed (Mikles et al. [20051 [T008). Therefore, we con- 
clude that the X-ray emission in CXO J 1745-28 most likely 
arises as a result of binarity. 

Assuming the 189 d periodicity is orbital and a canon- 
ical accretion efficiency e ~ 0.1, the wind properties imply 
a compact companion mass of ~5M0 for a HMXB inter- 
pretation (Eqn 10; M08). Three HMXBs with moderately 
evolved very massive companions are known; 4U1700-37, 
OA01657-415 & GX301-fl AU are more X-ray luminous 
than CX J1745-28; as expected, given their smaller orbital 
separations. However their X-ray spectra - a power law with 
high energy cutoff, with no 6.7keV FeXXV line (White et 
al. [11551 La Barbera et al. [MI51 Audley et al. [Mlg]) - are 
significantly differen10. 

Motivated by the similarity in X-ray properties of CXO 
J1745-28 to the CWBs i] Carinae (e.g. Pittard & Corcoran 
[200^ and Cyg OB2#8A (DeBecker et aL [MM|) . we sum- 
marise the properties of WNLh CWBs in the Galaxy and 
Large Magellanic Cloud in Table 4. While the X-ray lumi- 



2 4U1700-37 - 06.5 Iaf+, P<„.6=3.412d (Clark et al. [2002) ; 
OA01657-415 - WN9-llh, Porb=WAd (Mason et al. [2009|l : 
GX301-2 - B hypergiant, Po^b=41.5d (Kaper et al. [2006|l . 

^ The accretors in GX301-2 and OA01657-415 are pulsars, 
while the nature of 4U1700-37 is uncertain; however for the per- 
sistent Black Hole systems such as Cyg X-1 a composite mul- 
titemperature disc-|-power law spectrum is typically observed 
(e.g. Cui et al. I2002|) . which also appears to differ from CXO 
J1745-28. 
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logT (K) 

Fig. 4. HR diagram indicating the position of CXOGC 
J 1745-28 (filled symbol) and the WN7-9ha and 04-61 
members of the Arches cluster (open symbols; Martins 
et al. I2008p . with the luminosity of Arches members re- 
vised downwards by 0.05dex as described in Sect. 2.4. The 
Geneva evolutionary tracks for rotating {Vrot = 300kms~^) 
4O-12OM0 stars at solar metallicity are overplotted (Meynet 
& Maeder[2000|. The Arches stars F6, 7 & 9 (CWBs based 
on their X-ray properties, see Sect 3) are indicated by the 
double rings. 



nosity of the sample is observed to range over two orders 
of magnitude, WR25, BAT99-112 & 116 are directly com- 
parable to CXO J1745-28. Likewise, where it may be de- 
termined, the emission from WNLh CWBs is significantly 
harder than kT ~0.6 keV expected for shock emission in 
a single stellar wind (e.g. Oskinova I2005p . and for both 
WR20a and WR25 a two component fit is required, as 
found for CXO J1745-28. In addition to the comparable 
X-ray luminosity and spectral components, WR25 is of par- 
ticular interest given the presence of strong Fe XXV emis- 
sion, variable X-ray flux (Pollock & Corcoran I2006P and a 
spectroscopically determined orbital period of 207.8±0.3d 
(Raassen et al. [2003) . 

We consider these striking similarities as strong ev- 
idence for a CWB interpretation for CXO J 1745-28. 
However, one would like to identify further examples of 
such systems in order to cement such an interpretation. 
Intriguingly, 3 of the 4 WN8-9h stars within the Arches 
(Table 4) which have X-ray detections also demonstrate 
similarly strong FeXXV emission to CXO J 1745-28 (the 
fourth, F2, being too faint to determine if this is the case). 
Spectral fits to these stars require a hard component for 
either a one (Wang et al. I2006P or two (Yusef-Zadeh et 
al. I2002P temperature model, with the resultant luminosi- 
ties - lO'^^ergs"^ and lO'^^ergs"^ respectively - also directly 
comparable to that of CXO J1745-28 under the same model 
assumptions. Given the similarity of the stellar -f wind prop- 
erties of the Arches members to CXO J1745-28 (Sect 2.4 
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Fig. 5. Comparison of the Hydrogen mass fraction as a 
function of luminosity for CXOGC 1745-28 and the stel- 
lar population of the Arches cluster, with symbols having 
the same meaning as in Fig. [J] To enable a direct com- 
parison to the Arches population the results from the Br7 
model are presented - Xn — 50% by mass for the Br^ model 
(Sect. 2.3). Again, Geneva evolutionary tracks for rotating 
(vrot = 300km s~^) 40-120Mq stars at solar metallicity 
have been overplotted (Meynet & Maeder [2000p . 



and Figs. 2, 4 & 5) we therefore conclude that these are 
physically '^identical systems. This in turn provides addi- 
tional support for a CWB interpretation. The WN7-9ha 
stars within the Arches are the most massive stars present, 
and are at an age when it is not expected that any stars 
will have been lost to SNe (Table 5). Consequently, it is 
not apparent that an HMXB interpretation is possible on 
evolutionary grounds, still less since one would also have to 
conclude that the post SNe orbital configurations for CXO 
J1745-28 and Arches F6, 7 & 9 would have to be ^identical 
in order to reproduce their common X-ray properties. 

Under the hypothesis that CXO J1745-28 is a CWB 
can we draw any conclusions as to the nature of the hith- 
erto unseen companion? Given the absence of a radial ve- 
locity (RV) curve tailored hydrodynamical simulations are 
clearly premature but it is possible to estimate bulk prop- 
erties for the secondary. Initially, the strong shock jump 
conditions (kT = (3/16)mti^, where ih is the mean particle 
mass - 10"^^kg for solar abundances (Stevens et al. I1992p 
- and the other symbols have their usual meanings) gives 
V ^ 2100kms~"'^. This is consistent with the mean termi- 
nal velocity of mid-late O stars (Prinja et al. .1990), but 
not with the W7-9h stars within the Arches (Martins et 
al. I2008P , implying that a system consisting of twin WNLh 
stars such as WR20a is not viable. 

We may use the analytical expressions from Pittard & 
Stevens (|2002p to estimate the X-ray flux for a represen- 
tative WN9h-|-mid O star binary to test the consistency 
of such an hypothesis. Assuming Mwr ~ 8OM0 (Sect. 2.4 



Table 5. Summary of confirmed and candidate WNLh bi- 
naries in young open clusters. The cluster list follows that of 
Crowther et al. (2006) . supplemented with the WNLh rich 
Arche s (Figer et al. [M]^ and 30 Dor (Walborn & Blades 
I1989P clusters. Column 4 summarises the number of stars 
in each cluster for which a RV survey has been carried out. 
Confirmed binaries were identified via photometric or spec- 
troscopic evidence, while candidate binaries were selected 
if Lx > lO'^'^ergs"^ and/or kT > 4keV, noting that such 
strict criteria would exclude known spectroscopic binaries 
such as WR20a and WR22 (Table 4). Given the diflFerent 
sensitivities of current RV and X-ray surveys (e.g. Pollock 
,1987 , Pollock et al. 11995. Ignace et al. lMDUl Oskinovai200Sl) 
we present results for individual clusters. 



Cluster 


Age 


Total 


RV 


Binaries 




(Myr) 




survey 


Confirmed 


Candidates 


NGC3603 


1.3±0.3 


3 


3 


2 





Carina 


1.5±0.5 


3 


3 


2 





HM-1 


2.2±0.5 


2 










NGC6231 


2.7±0.5 


1 










Arches 


2.5±0.5 


13 







3 


Wd 2 


2.6±0.2 


2 


1 


1 


1 


Bochum 7 


2.8±0.5 


1 


1 


1 





R136/30 Dor 


>2 


23 


23 


8 


1 


Total 




48 


31 


14 


5 



and Fig. 4), Mq ^ 3OM0 and an 189d period we derive 
a binary separation of ^ 5 x lO^^cm. We first define the 
momentum ratio of the two winds rj—Movo /Mwr'^^wr- 
Then the kinetic power processed for each star is given 
by L = 0.5Mi;^S, where the fractional wind kinetic power 

5 is a function of rj. With the properties of the primary 
from Table 2, vq ^ 2100kms~^ and M in the range 2- 
20x10"'' M0yr~^ we find 77=0.01-0.1 and corresponding 
values for SwR=0.004-0.033 and So=0.564-0.403 (Pittard 

6 Stevens I2002p . Then we may estimate the intrinsic X-ray 
luminosity for each star as = 0.5Mt;^S/x, where the 
cooling efficiency, x, takes the conversion efficiency of ki- 
netic wind power into radiation into account, and is given 
by X = vs^di2/ M^7 (where wg is wind velocity in units of 
lOOOkms"^, di2 is the distance from the star of the contact 
discontinuity in units of lO^^cm and M_7 the mass loss rate 
in units of lO-'^Mgyr-^). Note that if x <1.0 it is set to 1.0 
for the calculation of X-ray luminosity since one may not 
radiate more energy than one has as input (Pittard, piv. 
comm. 2009). 

We estimate c?i2 from the results presented in Pittard 
& Stevens (2002J and then substituting the appropriate 
values into the above relationships we find Lx,wR ^ 8 x 
lO^^ergs-i and Lx,o 9 x lO^* and 3xl033ergs"i for 
M=2O-2xlO-'^M0yr-i. Therefore we consider the X-ray 
luminosity of CXO J 1745-28 to be broadly consistent with 
that expected from a binary composed of a massive WN9h 
primary and a less evolved ~mid O star secondary in a 
189d period orbit, although a full hydrodynamical simula- 
tion would be required to extract accurate predictions for 
the properties of the secondary (c.f. Pittard & Corcoran 

mm . 
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Table 3. Summary of the properties of CXO J17545-28 in comparison to magnetic O and WR and Of?p stars 



ID 


Spec. 


log(L6o;) 


log(L^) 




Ref. 




Type 


(erg s"^) 


(erg s"^) 






CXO J1745-28 


WN9h 


39.8 


35.0 


-4.8 


1, this study 


Ori C 


07 V 


39.0 


33.0 


-6.0 


2,3,4 


C Ori A 


09.7Ib 


38.8 


32.1 


-6.7 


5,6 


HD 108 


04f?p^08.5fp 


39.2 


33.1 


-6.1 


2,3 


HD 148937 


05.5-6f?p 


39.3 


33.3 


-6.0 


3,7 


HD 152408 (=WR 79a) 


WN9ha 


39.6 


31.9 


-7.7 


8 


HD 164794 


04 V((f)) 


39.5 


33.1 


-6.4 


9 


HD 191612 


06.5f?pe^08fp 


39.1 


32.9 


-6.1 


2 



Note that no magnetic field determinations have been made for HD108, while HD 164974 (=9 Sgr) is a suspected CWB. References 
for this ta ble are: (1) Mikles etal. (f2006|) : (2) Naze et al. IpOOT)) : (3) Na ze et a l. (|2008b|) : (4) Gagne et al. (f2005l) : (5) Raassen et 
al. PUDH)| : (6) Bouret et al. (UDDH; (7) Naze et al. pD'Ogc]) (8) Oskinova ipDD5)l : and (9) Rauw et al. 1^00^ . 



4. Discussion and concluding remarks 

We present a tailored non-LTE analysis of the IR counter- 
part to the bright X-ray source CXO J1745-28, finding it to 
be a highly luminous, massive WN8-9h star, with physical 
parameters comparable to such stars in the Arches cluster. 
Furthermore, 3 of the 4 Arches members with X-ray detec- 
tions - F6, 7 & 9 - also share remarkably similar X-ray fluxes 
and spectra to CXO J1745-28. While the near-IR spectra 
of these objects are consistent with originating in single 
stars, their X-ray properties clearly argue for binarity, with 
a comparison to known HMXBs and CWBs favouring the 
latter interpretation - indeed the Galactic WN6ha-|-? CWB 
system WR25 is a near twin of CXO J1745-28. Moreover, 
it appears difficult to reconcile both the youth and extreme 
mass inferred for CXO J 1745-28 and the Arches sources 
with the requirement for a SNe to have occurred in order 
to yield a relativistic companion - however we note that 
if they are HMXBs then they will provide a unique insight 
into the final stages of stellar evolution for the most massive 
stars that appear able to form in the local Universe. 

Nevertheless, under either HMXB or CWB hypothesis 
these four systems add to the growing population of bi- 
nary WNLh stars in the galaxy and LMC, which are sum- 
marised in Table 4 and currently consist of an additional 
19 confirmed and 2 candidates. With periods ranging from 
^1.9-208d, the most compact binaries may be candidates 
for the Case M evolution described by De Mink et al. ((20051 
in which tidal forces spin up the stars leading to significant 
rotational mixing), while the long period systems have yet 
to encounter mass transfer, thus having evolved as single 
stars, but ones for which dynamical mass estimates may be 
obtained. 

In Table 5 we summarise the population of WNLh bina- 
ries in young massive clusters. This restricted population, 
rather than the complete census, was chosen since it ex- 
cludes candidates, such as CXO J1745-28, which have been 
identified as WNLh stars because of their binary derived 
observational properties and hence would introduce a se- 
lection bias. Thus, of the 31 WNLh stars for which a long 
term survey for RV variability has been performed, 14 have 
been identified as binaries resulting in a binary fraction of 
~45%, which we consider a lower limit given the lack of sen- 
sitivity of current RV surveys to long period systems (e.g. 
>200d fc >4 0d for 30 Dor and R136 proper; Schnurr et al. 
I2008al2009bp and the additional X-ray selected candidates. 



This is consistent with other surveys which find sim- 
ilarly high percentages for OB and Wolf-Rayet stars, al- 
beit for different samples of stars comprising either lower 
(Clark et al. 2008; Ritchie et al. BITOI or a w ider ra nge of 
mass es (Ko bulnicky & Frver [20071 Sana et al. l2008l Bosch 
et al. l2009p . Such a binary fraction potentially presents im- 
portant constraints on the formation mechanisms for very 
massive stars such as CXO J 1745-28 and the Arches pop- 
ulation. Not only does (accretion driven) radiation pres- 
sure have to be overcome to yield >8OM0 stars but within 
a short period of time either the formative processes or 
another mechanism - such as dynamical interactions dur- 
ing cluster core collapse (S. Goodwin, priv. comm. 2009) 
- yields significant numbers of very massive short period 
systems. 

Finally, referencing the issues raised in the introduction, 
the extreme mass inferred for CXO J1745-28, as well as the 
discovery of similar stars such as WR102ka (Barniske et 
al. ^08) reinforces the supposition of e.g. Mauerhan et al. 
P007p that a diffuse, apparently isolated population of mas- 
sive stars is found within the central ~50pc of the Galactic 
centre in addition to the well know massive clusters. The 
origin of such stars is currently unclear; at ^17 pc the pro- 
jected distance of CXO J1745-28 from the Arches - the only 
known GC cluster young enough for it to have formed in - 
appears uncomfortably large to explain its location as a re- 
sult of dynamical ejection (implying a minimum travel time 
of 1.7Myr for a velocity of lOkms"^). Finally, as with other 
massive star forming regions such as 30 Dor (Townsley et al. 
"2006), Wd 1 (Clark et al. 2008) and the putative complex at 
the base of the Scutum-Crux Arm (Clark et al. I2009P there 
are currently no unambiguous HMXB candidates within 
the Galactic Centre. Despite the high binary fractions in- 
ferred for massive stars within these regions, the physical 
processes leading to the production of neutron stars and 
black holes (binary mass transfer/common envelope evo- 
lution and supernovae) appear inimical to the production 
and/or retention of X-ray bright HMXBs within their natal 
clusters /complexes. 
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Table 4. Summary of the stellar, orbital and, where determined, the X-ray properties of confirmed or candidate massive 
WNLh binary systems in the Galaxy and LMC 



ID 


Spec. 


— 1 7t ^ — 

lOg(LwR) 


"^^W R, dynamical 


Porb 




kT 


FeXXV 


References 




Type 


(L©) 


(M©) 


(days) 


(lO'^'^ergs ^) 


(keV) 


(Y/N) 




CXO J1745-28 


WN9h + 


6.24 


- 


189±6 


110 


0.7+4.7 


Y 


1,2 




mid-O? 


- 


- 












BAT99-116 (Mk34) 


WN5h 


- 
- 


- 
- 


RV var. 


240 


3.9 


- 


3,4 


WR25 (HD 93162) 


WN6h + ? 




- 


207.8±0.3 


130±10 


0.7-1-2.8 


Y 


5,6 


BAT99-112 (R136c) 


WN5h 


- 


- 


RV var. 


110 


3.0 


- 


3,7 


NGC3603 C 


WN6ha + ? 


6.1 


- 


8.89±0.01 


>40 


- 


- 


8,9,10 


NGC3603 Al 


WN6ha + 


6.2 


116±31 


3.77±? 


>20 


- 


- 


8,9,10,11 




WN6ha 


- 


89±16 












BAT99-99 (Mk39) 


03If /WN6 


- 


- 


92.6±0.3 


13±2 


1.6 


- 


4 


WR20a 


WN6ha + 


6.1 


82.7±5.5 


3.7 


8.0 


0.35+1.55 


- 


12,13,14 




WN6ha 


6.1 


81.9±5.5 












BAT99-118 (R144) 


WN6h 


- 


- 


RV var. 


3.3 


2.1 


- 


3,4 


WR21a 


WN6ha + 


- 


87±6 


31.7 


0.4-1.6 


3.3 


- 


15,16 




04 


- 


53±4 












BAT99-119 (R145) 


WN6h 


- 


- 


158.8 


1.0 


1.6 


- 


3,17 


WR22 (HD 92740) 


WN7h + 




55.3±7.3 


80.3 


0.9 


- 


- 


18,19 


BAT99-103 (R140b) 


WN6h 


- 


- 


2.76 


0.8±0.3 


- 


- 


4 


WR 148 (HD 197406) 


WN8h + ? 


- 


- 


4.32 


0.6±0.3 


- 


- 


20,21,22 


BAT99-77 


WN7ha 


- 


- 


3.00 


0.5 


- 


- 


4 


WR12 


WN8h -f ? 






23.9 


0.3 






20,23,24 


BAT99-12 


03ir /WN6 






3.23 


<6.0 






4 


BAT99-32 


WN6(h) 






1.91 


<4.5 






4 


BAT99-113 (Mk30) 


03If /WN6 






4.70 


<1.3 






4 


BAT99-95 (R135) 


WN7h 






2.11 


<0.6 






4 


Arches-F6 


WN9h 


6.3 






11.0 


1.9 


Y 


25,26 


R136a3(bl) 


WN5h 








8.5 


4.2 




3,7 


WR20b 


WN6ha 


5.9 






6.5 


0.5+5.5 




12,13 


Arches-F7 


WN9h 


6.25 






7.2 


2.1 


Y 


25,26 


Arches-F9 


WN9h 


6.3 






4.6 


3.3 


Y 


25,26 



Top panel; summary of the properties of CXO J1745-28 and X-ray bright (> lO'^^ergs"^) binary systems. Middle panel: remaining 
spectroscopically or photometrically confirmed binaries. Bottom panel: binary candidates selected on the basis of their X-ray 
properties (see Sect. 4). Stars are ordered in terms of decreasing X-ray fiux, with errors given for this parameter and orbital period 
if provided in the original study. We quote dynamical masses only, with those given in italics representing lower limits. Regarding 
individual sources, WR20a, 22 and 25 have all been flagged as X-ray variable (Naze et al. I2008al Cosset et al. [2003 and Pollock 
& Corcoran I2006p . while the X-ray fluxes given for the Arches sources assume a IT flt; a similar fit for CXO J1745-28 results in a 
directly comparable flux (Wang et al. 2006, Mikles et al. 2006). The converse is also true; the 2T (0.9+5.8keV) fit for F9 favoured 
by Yusef-Zadeh et al. (|2002t yields ~ 8xl0^''ergs~^; we choose to present the IT fits for all three stars since Yusef-Zadeh et al. 
I|2002p only present a spectral fit for F9. References for the values quoted in the table are: (1) Mikles et al. (|2006p : (2) Mikles et al. 
(2008); (3) Townsley et al. {2006}; (4) S chnurr et al. (2008a); (5) Gamcn et al. (2006); (6) Ra assen et al. (f2003ll : (7) Schnurr et al. 
(2009b); (8) C rowther & Dessart ((19581); (9 ) Schnurr et al. (20 08b); (10) Moffat et al. (|2n02|l; (1 1) Moffat et al. (p004); (12) Naze 
et al. (|2008a|l : (13) T sujimoto et al. (2003; (14) Rauw et al. (|2ofe|l : (15) B enaglia et al. ([2003]); (16) Niemela et al. (2008 |; (17 ) 
Schnurr et al. I|2008bl); ( 18) Schweickhardt et al. lfT999)) ; (19) Pollock (fTSFT)); (20) Hamann et al. Ipb06|); (21) Pollock et al. (pSS)) : 
(22) D rissen et al. lfT956|l : (23) Lamontagne et al. ([T996|) : (24) Ignace et al. (pnOOjl : (25) Martins et al. pUOS)! and (26) Wang et al. 
1120061) . 
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